) that partitions to products through uncatalytic and catalytic routes. The catalyzed reaction from MC ± has been concluded to proceed through a concerted mechanism with a six-membered cyclic transition state (TS cycl ) rather than via a stepwise pathway with a discrete anionic intermediate (MC -): the traditionally accepted mechanism. Medium effects on reactivity and reaction mechanism are discussed. Particularly, hydrogen-bonding of the amines to water precludes formation of kinetically significant dimers found in some aprotic solvents; no explicit role for water in the catalytic transition state is required or proposed. The specific stabilization of the leaving aryloxides substituted with strong electron-withdrawing groups accounts for the lack of the catalytic pathway in these systems (1a-c) with piperidine nucleophile.
Introduction
In the toolkit of the synthetic organic chemist involved in the design and preparation of new aromatic compounds, nucleophilic aromatic substitution on electron deficient substrates is a versatile, even essential, implement. These reactions generally proceed via the S N Ar mechanism in which nucleophilic attack at the position substituted by the leaving group leads to formation of a σ-bonded anionic adduct, termed a Meisenheimer complex (MC), as a metastable intermediate. [1] [2] [3] [4] The MC is stabilized by one or more moderate to potent electronwithdrawing groups (EWG). 3 Ejection of the leaving group occurs in a second, usually fast, step to yield the substitution product. Reaction at an unsubstituted site of the aromatic ring can lead to transient MC 5 or if the nucleophile is suitably substituted with its own leaving group, Z, can undergo elimination of HZ in the Vicarious Nucleophilic Substitution (VNS) reaction. 6, 7 (In the current kinetic study no evidence of the intervention of such isomeric MC emerged).
Even a cursory look at the literature shows the versatility of S N Ar reactions, which have been employed recently in at least one step of the reported syntheses of: fluorescent teraaza [8] circulenes, 8 2-amino-and 2-arylazoanulenes, 9 aromatic ring substituted porphyrins, 10 substituted amidoazopyridines from perfluorinated pyridine, 11 various potentially therapeutic substituted pyrimidines 12, 13 and dipyridylazepines, 14 and benzimidazole N-oxides. 15 The reactions of water-soluble polymers end-group substituted with electron-deficient aromatics have been studied 16, 17 and in post-polymerization functionalization, poly(acrylamide) bearing pendant 3,5-dichloro-2,4,6-triazinyl groups can react via S N Ar reaction to yield a wide range of modified poly(acrylamide)s. 18 Some significant potential environmental remediation protocols also rely on nucleophilic aromatic displacement.
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D r a f t 4 As a consequence fundamental studies, involving kinetic analysis [22] [23] [24] [25] [26] [27] as well as calculational tools, 24, [28] [29] [30] [31] [32] into the S N Ar mechanism continue to evoke interest. Factors that influence the nature of the S N Ar mechanism include, but are not restricted to: the nature of the substrate, i.e. type and number of electron-withdrawing groups attached to the electron deficient substrate; the nature of the leaving group; the nature of the nucleophile, e.g. anionic versus neutral and; the effect of solvent. 26 Given the similarities between addition to C=O and to electron deficient aromatic carbon it is not surprising that we have also found evidence for the intervention of comparable six-membered cyclic TS in reaction of secondary cyclic amines with various ester systems in MeCN. [41] [42] [43] In assessing the mechanism of aminolysis under S N Ar conditions the role of solvent may be paramount. [44] [45] [46] [47] In a recent study that examined 21 "conventional" solvents and 17 roomtemperature ionic liquid (RTIL) solvents, the relative degree of nucleophilic attack by a series of cyclic secondary amines on sulfonyl sulfur as compared to S N Ar displacement for 2,4-dinitrobenzenesulfonyl chloride was found to depend significantly on the nature of the solvent. 48 Other studies into RTILs in S N Ar displacement have focused on the synthetic utility of these media 49 or on the application of calculational methods to the reaction in such D r a f t 6 solvents. 50 Part of the interest in RTIL media derives from the view that such solvents are "greener", i.e., more nearly environmentally benign, 51 although Jessop has advanced the idea that determination of relative greenness of a solvent requires a full life-cycle analysis (LCA). 52 In this regard, Pfizer chemists have suggested a "stoplight" system to quickly assess the greenness of solvents used in pharmaceutical synthesis, where "green" solvents such as water, acetone and common low molar mass alkanols, are preferred; "amber" solvents are usable, including dimethyl sulfoxide, MeCN, THF and toluene; the "red" undesirable solvents include pyridine, benzene, tetrachloromethane and diethyl ether. 53 The current study of the pathways of S N Ar reaction (Schemes 1 and 2) for reaction of a set of secondary cyclic amines with 1-aryloxy-2,4-dinitrobenzenes is conducted in water, a green solvent 51, 53 and the results are compared to those found in MeCN, an amber solvent. 25, 26 Substitution of the ArO -(H) leaving group permits substituent effect analysis using Hammetttype constants and application of the Yukawa-Tsuno equation, which we have previously found useful in mechanistic assessment. The reaction system under study is also amenable to Brønsted-type analysis. [24] [25] [26] The results are also discussed with recourse to qualitative comparative energy profiles.
Experimental
Materials. Substrates 1a-1h were prepared from the reaction of 1-fluoro-2,4-dinitrobenzene with the respective Y-substituted-phenol under the presence of triethylamine in anhydrous diethyl ether as reported previously. 26 The crude products were purified by column chromatography. Amines and other chemicals were of the highest quality available and used without further purification. Doubly glass distilled water was further boiled and cooled under nitrogen just before use.
Kinetics. Kinetic study was carried out by using a UV-Vis spectrophotometer equipped
with a constant-temperature circulating bath to maintain the reaction temperature at 25.0 ± 0.1 o C. The reactions were followed by monitoring the appearance of N- (2,4- dinitrophenyl)amines at a fixed wavelength corresponding to their maximum absorption.
Reactions were followed generally up to 9 ~ 10 half-lives. All reactions were carried out under pseudo-first-order conditions (e.g., the amine concentration was kept at least 20 times greater than the substrate concentration, 4 × 10 -5 M). Typically, the reaction was initiated by 
Discussion
Dissection of k obsd into Kk 2 and Kk 3 kinetic terms. The curved plot shown in Figure 1A implies that a second amine molecule is involved in the rate-determining TS. Clearly, the current reaction is a composite one that proceeds through a stepwise mechanism with a zwitterionic intermediate MC ±
, which decomposes to the products through both uncatalytic and catalytic routes as shown in Scheme 1. In this case, k obsd can be expressed as eq (1) 
On the other hand, the linear plots of k obsd vs [amine] for the reactions of 1a-1c with piperidine indicate that the catalytic route is absent. Hence, k obsd may be expressed as eq (3) Table 1 for the reactions of 1a with the five different amines studied and in Table 2 for those of 1a-1h with piperidine. to the O atom of the leaving group would be retarded as the amine basicity increases. This idea is consistent with the kinetic result that the catalytic route (i.e., the k 3 process) is absent for the reaction of 1a with the most basic amine in this study (i.e., piperidine). Table 2 together with those reported previously for the corresponding reactions carried out in MeCN for comparison. ., 1a-1c) . This is inconsistent with a catalyzed reaction that proceeds through MC -as shown in Scheme 1 but is in good agreement with the proposal that the catalyzed reaction proceeds through a sixmembered cyclic TS as shown in Scheme 2. TS cycl is the minimum and necessary case in MeCN. In water, H 2 O may also be involved as an intermediary to relay protons and to stabilize the initial amines through hydrogen-bonding, but water-free TS cycl is still the simplest case. Further, hydrogen-bonding of the amines to water precludes formation of kinetically significant dimers found in some aprotic solvents. 23, 27, 39, 40, 59 Medium Effect on Reactivity and Reaction Mechanism. It is clear that the reaction mechanism for the current reactions is governed by basicity of the leaving group and incoming amine, since the catalytic route is absent for the reactions of substrates possessing a D r a f t 15 strong EWG in the leaving group, i.e., a weakly basic leaving group, with highly basic piperidine. This is in contrast to our previous result where the corresponding reactions carried out in MeCN proceed through both uncatalytic and catalytic routes throughout the range of basicity of the leaving aryloxide and nucleophilic amine studied. 26 Generally, ArO -is a poor leaving group in MeCN due to the strong electronic repulsion between the anionic aryloxide and the negative dipole end of MeCN. Thus, the leaving ArO To account for our finding that basicity of the leaving group and incoming amine governs the presence/absence of the k 3 process, a qualitative energy profile is illustrated in Figure 4 It is apparent that the energy barrier for the k 2 process (i.e., departure of the leaving group from MC ± to give PH + ) would be strongly dependent on the basicity of the leaving aryloxide whether the reaction proceeds either through MC -(Scheme 1) or via TS cycl (Scheme 2).
However, the energy barrier for the k 3 process (i.e., to form MC -from MC ± ) should be little influenced by the leaving-group basicity if the reaction proceeds via MC -(Scheme 1). The energy barrier for the k 3 process would be also independent of amine basicity, since a more basic amine would deprotonate more rapidly the aminium moiety of MC ± but, conversely, the aminium ion would tend to hold the proton more strongly as the amine becomes more basic.
Thus, the reaction mechanism (i.e., presence or absence of the k 3 process) would be mainly governed by leaving-group basicity but not by basicity of the incoming amine, if the reaction proceeds through the traditionally accepted pathway as shown in Scheme 1.
On the contrary, if the reaction proceeds via TS cycl as shown in Scheme 2, the energy D r a f t barrier for the k 3 process should be affected by the basicity of the leaving group and the amine nucleophile. This is because a weakly basic leaving aryloxide would not accept a proton readily from the second amine molecule in MC ± while a strongly basic amine would not donate a proton easily to the leaving aryloxide. This idea can account for the current kinetic result that the k 3 process is absent for the reaction of substrates possessing a weakly basic leaving group (e.g., 1a -1c) with strongly basic piperidine.
Another important piece of evidence that supports the proposed mechanism (i.e., TS cycl ) is provided by analysis of medium effects on reactivity. As shown in Table 2 
Conclusion
The 
